Summary. Increased activity of the polyol pathway for glucose metabolism and increased intracellulsr levels of glueese, polyol, and fructose bare been implicated in the onset of chronic complications of diabetes in certain tissues where the transport of glucose is not insulindependent. Levels of all three eerbohydrates were found to be significantly higher in sciatic nerves and lenses from diabetic and ketotic hamsters than in tissues from nondiabetic control animals (p< 0.01). Glucose, polyol, and fructose levels were not significantly different in spinal cords or gastrocnemius muscles from diabetic and ketotic hamsters than in tissues from nondiabetic hamsters. There was a linear relationship between blood glucose levels and tissue levels of glucose (r = 0.885), polyol (r = 0.797), fructose (r = 0.886) and the total tissue concentration of all three substances (r = 0.916) in hamster sciatic nerves. Similarly, a linear correlation between blood glucose levels and levels of glucose (r = 0.934), polyol (r = 0.784), fructose (r = 0.866) and the total tissue concentration of the three carbohydrates (r 0.915) in lenses was also established. The results of these studies provide evidence that glucose, polyol, and fructose levels are elevated in certain tissues from animals with spontaneous diabetes. The significance of these observations with respect to the pathogenesis of complications of diabetes remains to be determined.
Increased activity of the polyol pathway for glucose metabolism leading to increased intracellular glucose, sorbitol, and fructose levels has been implicated in the pathogenesis of certain chronic complications of diabetes [1] .
The Polyol Pathway for Glucose Metabolism
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The polyol pathway is dormant or of minimal importance under normal physiological conditions since the KM of hexokinase for glucose is much smaller than is the K~ of aldose reductase for glucose [1] . At normal levels, glucose is metabolized primarily by phosphorylation and very little of it is reduced to sorbitol. At elevated blood glucose levels, however, normal glycolytic pathways become saturated and excess glucose is metabolized by way of the polyol pathway [1] . Significant quantities of sorbitol and fructose are produced under these conditions. Sorbitol penetrates cell membranes poorly [2] ; fructose is poorly metabolized in most tissues and it diffuses out of cells very slowly [1] . These factors lead to elevations in intracellular levels of both sorbitol and fructose [1] . The resultant hypertonicity may then contribute to the onset of morphologic and pathologic changes in certain tissues in which glucose transport is not insulindependent [1] .
Elevated levels of glucose, sorbitol, and fructose have been reported in lenses [3--5] , sciatic nerves [6--8] , spinal cords [7, 8] , and kidney papillae [9] of alloxan and streptozotoein-diabetie rats. Levels of these carbohydrates are also regulated by ambient glucose concentrations in aortas [10] and in pancreatic islets [11] incubated in vitro. It has been suggested that the complications of diabetes in these tissues may result from the elevated levels of these carbohydrates [1] .
The studies reported here were undertaken to determine whether glucose, polyol, and fructose levels were elevated in tissues from animals with spontaneous diabetes. The Chinese hamster was selected as an experimental animal because of the similarity of its disease to diabetes mellitus in humans [12] and also because morphologic and pathologic changes have been observed in a number of tissues from diabetic Chinese hamsters. Moreover, segmental demyelination and other changes similar to those observed in human diabetic neuropathy have been reported to occur in chronically diabetic Chinese hamsters [13] . 
Materials and Methods

Chemicals
Animals
The nondiabetie hamsters used in these studies had fasting blood glucose levels of 80--112 rag% and had never exhibited glucosuria. They were from inbred lines (7--16 generations) in which glucosuria had never been detected. The average age of the animals at the time of sacrifice was 13.4 months. Their weights ranged from 24 to 32 g.
Diabetic hamsters had fasting blood glucose levels of 159--300 (average 216) mg~ . They had demonstrated glueosuria (4~-Clinistix| urine glucose), but not ketosis. The average age of these animals was 13.3 months and they had been diabetic for an average of 10.1 months. Their weights ranged from 26 to 33 g. Each diabetic hamster was matched with a nondiabetic animal of the same age and sex.
The ketotic hamsters had fasting blood glucose levels of 160 to 383 (average 280) mg%. They had demonstrated glucosuria (4 @ ClinistJx| and ketonuria (3+ or 4-~ Ketostix|
The average age was 14.2 months. They had been diabetic for an average of 11.0 months and ketotic for an average of 7.0 months. Their weights ranged from 25 to 36 g. Each ketotie hamster was matched with a nondiabetie animal of the same age and sex.
Blood glucose was measured by Auto-Analyzer | by a modification of the method of Hoffman [14] .
Tissue Samples
Animals were sacrificed by decapitation and tissues removed, weighed, frozen, and stored at --15~ Tissues were homogenized in 1 ml of 6~o perchloric acid in glass homogenizer tubes at 0 ~ C according to the method of Morrison et al. [11] . The extracts were centrifuged, neutralized with 2 N KOtI and cooled to 0~ for 30 rain and centrifuged again., The supernatant fractions were frozen for subsequent assays.
Tissue Polyol Assays
Polyol levels were measured by the fiuorometric method of Clements, Morrison, and Winegrad [10] . The assay mixture contained 50 mM glycine sodium glycinate buffer (pH 9.6), 0.1 mM NAD and sample at a final volume of 2 ml. Sorbitol dehydrogenase (1.25 units) was added in a volume of 0.02 ml and the increase in NADH fluorescence at 456 nm was measured using an Aminco Fluoro-Microphotometer equipped with a 360 nm narrow passage primary filter and appropriate secondary filters (Corning numbers 7--60, 5--61, and 4--70). Duplicate determinations were performed on all samples.
Assays of Glucose and Fructose in Tissue
Glucose and fructose levels were measured by the method of Klotzsch and Bergmeyer [15] . The assay mixture contained 50 mlV[ triethanolamine (pH 7.6), 0.1 M magnesium chloride, 0.017 M ATP, 0.012 M NADP~ hexokinase (0.01 ml, 1 mg/ml) and samples at a volume of 3 ml. Glucose-6-phosphate dehydrogenase (0.01 ml, 1 mg/ml) was added and the increase in fluorescence of NADPH at 456 nm was measured to determine glucose concentrations. This phase of the reaction was usually complete within 10 min. Phosphoglucose isomerase (0.01 ml, 1 mg/ml) was then added and the increase in fluorescence was measured to determine fructose concentration. Duplicate determinations were performed on all samples.
Statistics
Regression analyses were done according to the method of Draper and Smith [16] .
Results
Tissue glucose concentrations were significantly higher in lenses from ketotic Chinese hamsters (3.82 ~moles/g) than in lenses from their matched controls (0.23 y.mole/g) ( Table 1) . Polyol levels were higher in lenses from ketotic animals (3.04 ~moles/g) than in tissues from normal animals /0.16 ~zmole/g). Fructose levels were also higher in lenses from ketotic hamsters (7.09 ~moles/g) than in those from the controls (0.42 ~mole/g).
Lens glucose levels were 1.91 ~moles/g in tissues from diabetic hamsters and 0.15 ~mole/g in tissues from their matched eontrols (Table 1) . Polyol levels were also higher in lenses from diabetic animals (2.85 vs 0.12 ~mole/g). Lens fructose levels were 8.08 ~zmoles/g in tissues from diabetic animals and 0.26 9mole/g in tissues from nondiabetic hamsters.
Glucose, polyol, and fructose levels were also significantly higher in sciatic nerves from ketotic hamsters than in nerves from the control animals. Glucose concentrations were 9.64 ~moles/g in nerves from ketotie animals and 2.91 ~moles/g in tissues from nondiabetic animals ( Table 2 ). Polyol levels were significantly higher in nerves from ketotic hamsters (0.41 vs 0.22 ~mole/g). Sciatic nerve fructose levels were also higher in tissues from ketotic animals (3.90 vs 2.13 ~moles/g).
Glucose levels were 3.91 ~moles/g in sciatic nerves from diabetic hamsters and 1.91 ~moles/g in nerves from the matched controls (Table 2) . Polyol levels were also higher in sciatic nerves from diabetic animals (0.39 vs 0.15 ~mole/g). Fructose concentrations were also higher in nerves from diabetic hamsters (2.49 vs 1.35 ixmoles/g).
Polyol levels were not significantly elevated in spinal cords from ketotic hamsters (0.10-u0.03 vs 0.954-0.02 ~mole/g). Similarly, there was no difference between polyol levels in gastrocnemius muscle from ketotic and nondiabetie hamsters (0.114-0.01 vs 9.104-0.91 ~mole/g).
Correlation studies revealed a linear relationship between blood glucose levels and lens concentrations of glucose (r ~-0.934, p<0.01), polyol (r = 0.784, is < O.01), fructose (r = 0.866, is < 0.Ol), and the total concentration of all three substances (r = 0.915, is<0.01) (Fig. 1) . Similarly, there was a linear correlation between blood glucose levels and sciatic nerve concentrations of glucose (r= 0.885, is<0.01), polyol BLOOD GLUCOSE (~MOLES/ML) Fig. 2 . ~elationship between blood glucose levels and the total concentration of glucose, polyol, and fructose in Chinese hamster sciatic nerves (r = 0.797, p<0.01), and fructose (r : 0.866,p<0.01), and also between blood glucose levels and the total concentration of all three carbohydrates in nerves (r = 0.916, I0<0.01) (Fig. 2) .
Discussion
Elevated glucose, polyol, and fructose levels have been detected in a number of tissues from alloxandiabetic rats and rabbits and galaetosemic rats [3--9] . The results of the studies reported here show that levels of these substance are elevated in certain tissues from animals with spontaneous diabetes.
The levels of glucose, polyol, and fructose found in lenses and sciatic nerves from diabetic and ketotic Chinese hamsters were not as high as levels which have been found in lenses [3--5] and sciatic nerves [6--8] from Mloxan-diabetic, streptozotocin-diabetic, and galactose fed rats. This may be attributable to the fact that blood glucose levels were not as high in the diabetic and ketotic hamsters as in the alloxan-diabetic and streptozotocin-diabetic rats studied by other investigators [3--8] . This idea is supported by the finding that there is a linear correlation between blood glucose levels and tissue levels of glucose, polyol, and fructose in lenses and sciatic nerves from Chinese hamsters.
Folyol levels were not significantly elevated in either spinal cords or gastrocnemius muscle from ketotic Chinese hamsters. Others have reported small but significant increases in polyol levels in spinal cords from alloxan-diabetic and streptozotocin-diabetic rats [7, 8] .
The data reported here are consistent with the hypothesis that elevated blood glucose levels lead to increased activity of the polyol pathway resulting in elevated polyol and fructose levels in certain tissues in which glucose transport is not insulin-dependent [1] . The intraeellular accumulation of carbohydrates and the resulting increase in osmotic pressure can cause tissue swelling and interfere with the cellular transport of amino acids and other substances [17] . The results of in vitro experiments with rabbit lenses indicate that a 16 milliosmolal change in tonieity is sufficient to induce water uptake by lenses and to interfere with the transport of ~-aminoisobutyric acid [18] . Since the accumulation of 1 ~mole of solute per g of tissue water is equivalent to i milliosmole per liter in osmotic pressure, the carbohydrate levels which were observed in lenses from diabetic and ketotie Chinese hamsters are probably of osmotic importance.
Similarly, the levels of glucose, polyol, and fructose which were detected in sciatic nerves front diabetic and ketotic Chinese hamsters are probably of osmotic importance. The elevations in nerve carbohydrate levels are further emphasized by the fact that the polyol pathway is apparently localized within Sch~vann cells in peripheral nerves [i9] and Schwann cells comprise only a small proportion of the nerve samples which were assayed.
Schlaepfer has observed a variety of structural alterations which occur in peripheral nerves from diabetic and ketotic Chinese hamsters [13] . Some of these changes are similar to changes observed in diabetic neuropathy in humans [13] . It is not possible at this time, however, to relate the abnormalities in tissue glucose metabolism to the morphologic and pathologic changes observed in tissues in Chinese hamsters. Further studies will be required to relate the biochemical abnormalities to the chronic complications of diabetes in the Chinese hamster.
